Apoptosis is a cellular death program critical to the development and homeostatic maintenance of all multicellular organisms (27, 39) , and deregulated apoptosis has been implicated in many disease states (52) . The principal biochemical mediators of apoptosis are caspases, cysteinyl proteases that are activated in a precisely orchestrated manner following various death triggers (12, 53) . Apoptotic caspases are divided into two groups: initiator caspases, which respond to and are directly activated by apoptotic stimuli, and effector caspases, which carry out completion of the apoptotic program (3, 40) .
Predominant among the molecules that play a role in controlling caspase activity are members of the inhibitor of apoptosis (IAP) family (13, 21) . Among the eight mammalian IAP homologues that have been described, X-linked inhibitor of apoptosis (XIAP) (15, 32, 54) has emerged as the most potent suppressor of apoptosis. XIAP binds and inhibits the initiator caspase 9 (47, 50) and the effector caspases 3 (23, 44 ) and 7 (8) and can thus regulate multiple steps within the caspase cascade. While many IAP proteins can attenuate cell death, XIAP appears to be the only IAP homologue to directly inhibit caspases with high affinity (16) .
Distinct patterns of caspase activation exist, and so far two major apoptotic pathways have been described. Ligation of members of the tumor necrosis factor receptor family activates an extrinsic death program by forming an intracellular deathinducing signaling complex (DISC) (35) . The DISC recruits and activates initiator caspases, such as caspases 8 and 10, which in turn engage downstream effector caspases. In contrast, death signals such as cellular stress induce an intrinsic apoptotic program regulated predominantly by the mitochondria. These stimuli induce mitochondrial outer membrane permeabilization, thus allowing the cytoplasmic release of proapoptotic molecules sequestered within the mitochondria. Notable among these sequestered factors are cytochrome c, which along with the adaptor molecule Apaf-1 (31) forms an oligomeric complex known as the apoptosome (6) leading to caspase 9 activation. Additional factors include Smac/ DIABLO (14, 58) and Omi/HtrA2 (19, 34, 59) , which promote apoptosis in part by neutralizing XIAP-mediated caspase inhibition (7, 33, 48) , and the flavoprotein apoptosis-inducing factor (AIF).
While cytochrome c, Smac/DIABLO, and Omi/HtrA2 promote cell death predominantly by caspase-dependent mechanisms, AIF was originally described as a caspase-independent mediator of cell death (51) . Mitochondrial release of AIF ultimately results in AIF nuclear translocation and DNA binding (63) and is associated with chromatin condensation and internucleosomal DNA cleavage. Interestingly, AIF possesses NADH oxidase activity in vitro (36) , and recent studies have described a protective role for AIF, in part through maintaining the expression and activity of complex I of the electron transport chain (55) . Further studies in vivo have suggested a protective role for AIF against certain forms of oxidative stress (28) , and loss of AIF in heart and brain results in severe defects, most likely caused by loss of mitochondrial integrity (9, 26) .
Like AIF, XIAP is involved in several pathways both related to and distinct from apoptosis. Through interactions with members of the transforming growth factor ␤ receptor family, XIAP regulates Smad-dependent transcriptional activation (2, 25, 61) . Ectopic XIAP expression regulates stress-responsive pathways, including those involving N-terminal c-Jun kinase (JNK) (45, 46) and the transcription factor NF-B (20, 29) . Interestingly, the ability of XIAP to regulate these pathways can be uncoupled from its caspase-inhibitory activities (30) , suggesting that these are distinct properties of the protein. XIAP also controls intracellular copper levels, both through ubiquitin ligase-dependent regulation of the copper binding protein COMMD1 (4) and by binding copper directly (37) . In light of the fact that XIAP-deficient mice display no overt apoptotic phenotype (18) , these findings suggest that in most normal tissues the primary function(s) of XIAP may be to regulate pathways distinct from those involving apoptotic caspase cascades. This is similar to many apoptotic regulators, such as cytochrome c and Bad, which under normal conditions participate in processes other than cell death regulation (17, 43) .
To explore the possibility that XIAP regulates biological processes beyond those described above, we conducted a biochemical screen for XIAP-associated proteins and identified AIF as an XIAP binding protein. XIAP binds both the mature form of AIF present in healthy cells and the processed form of AIF released from mitochondria during apoptosis (41) . The XIAP/AIF interaction depends on the presence of the second baculoviral IAP repeat (BIR) domain of XIAP and can be specifically displaced by Smac/DIABLO. Unlike that of XIAP antagonists, AIF overexpression fails to prevent XIAP-mediated caspase activation. Under both normal and apoptotic conditions XIAP induces AIF ubiquitination in a manner that does not result in degradation but instead appears to affect the stability of the XIAP/AIF interaction. Finally, XIAP and AIF combine to attenuate levels of both basal and antimycin Astimulated reactive oxygen species (ROS). Taken together, these data define a novel interaction between two well-known regulators of the cell death pathway and provide the foundation for uncovering new mechanisms by which XIAP and AIF regulate both apoptotic and nonapoptotic cellular processes.
MATERIALS AND METHODS

Materials.
Reagents were obtained as follows: protein G-coupled agarose, Ni-nitrilotriacetic acid (NTA) agarose, Glutamax, tobacco etch virus protease, Mitotracker Red, and phosphate-buffered saline from Invitrogen; glutathioneSepharose 4B, calmodulin-Sepharose 4B, and immunoglobulin G (IgG)-Sepharose from Amersham; fetal bovine serum from HyClone; Dulbecco modified Eagle medium (DMEM) from Mediatech; ApoTarget protease assay kit from Biosource; DEVD-7-amino-4-trifluoromethyl coumarin from BioMol; site-directed mutagenesis kit from Stratagene; and protease inhibitor tablets from Roche. All other chemicals were from Sigma. Antibodies were obtained as follows: anti-XIAP and anti-AIF from BD-Pharmingen; anti-AIF from Santa Cruz Biotechnology; cleaved caspase 3 from Cell Signaling; anti-Smac/DIABLO from Calbiochem; anti-glutathione S-transferase (anti-GST) from Santa Cruz Biotechnology; anti-␤-actin, horseradish peroxidase (HRP)-conjugated anti-FLAG, and HRP-conjugated antihemagglutinin (anti-HA) from Sigma; and HRP-conjugated anti-mouse and anti-rabbit antibodies from Amersham.
Cell culture, transfections, and plasmids. HEK 293 cells were grown in DMEM containing 10% fetal bovine serum supplemented with 2 mM Glutamax at 37°C in an atmosphere of 95% air and 5% CO 2 . Transfections were performed by the method of calcium phosphate precipitation as described previously (15) . pEBB XIAP-TAP and pEBB D148A/W310A XIAP-TAP were generated by subcloning wild-type (WT) and D148A/W310A XIAP into the pEBB tandem affinity purification (TAP) plasmid. The bimolecular fluorescence complementation (BiFC) plasmids pEBB YN and pEBB YC were generated by PCR using pBIFC-YN155 and pBIFC-YC155 (gifts of T. Kerppola, University of Michigan) as templates, respectively. pEBB YN-XIAP was generated by subcloning WT XIAP into pEBB-YN. pEBB AIF was generated by PCR using an expressed sequence tag clone containing full-length human AIF (Image clone 5740894) and was used to further subclone pEBB AIF-TAP, pEBB AIF-YFP, pEBB AIF-FLAG, and pEBB AIF-YC. pEBB Ub-Smac/DIABLO A1G and pEBB UbSmac/DIABLO ⌬A1 were generated by site-directed mutagenesis (Stratagene) using pEBB Ub-Smac/DIABLO as template. pEBB Ub-⌬54AIF-FLAG and pEBB Ub-⌬102AIF-FLAG were generated by PCR using pEBB-AIF-FLAG as template followed by replacement of the Smac/DIABLO sequence within the pEBB Ub-Smac/DIABLO-FLAG construct. These plasmids were then used as templates for PCR amplification in the subcloning of pEBB Ub-⌬54AIF, pEBB Ub-⌬102AIF, pEBB Ub-⌬102AIF-YFP, and pEBB Ub-⌬102AIF-YC. All remaining plasmids used in this study have been reported previously (4, 5, 60) .
TAP. Cells were seeded into a total of 10 15-cm plates and then transfected with 12 g of pEBB XIAP-TAP or pEBB D148A/W310A XIAP-TAP per plate. Two days after transfection, the cells were harvested, lysed, and subjected to TAP as described previously (5) . Final purified samples were submitted to the Proteomics Centre at the University of Victoria for further processing including trypsin digestion, high-pressure liquid chromatography separation, and tandem mass spectrometry to determine peptide sequences.
Cell lysis, Coomassie blue staining, immunoblot analysis, and immunoprecipitation. Cell lysates were prepared in either RIPA buffer (phosphate-buffered saline containing 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) or Triton lysis buffer (25 mM HEPES, pH 7.9, 100 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10% glycerol, 1 mM NaF, 1 mM NaVO 4 ) (both lysis buffers were supplemented with 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 1 protease inhibitor cocktail tablet per 10 ml prior to use), normalized for protein content, and then separated by SDS-polyacrylamide gel electrophoresis (PAGE) using 4 to 12% gradient SDS-polyacrylamide gels (Invitrogen). Coomassie blue staining was performed using the Colloidal Blue staining kit (Invitrogen) according to the manufacturer's instructions. For immunoblot analysis, SDS-PAGE was followed by transfer to nitrocellulose membranes (Invitrogen), which were then blocked with 5% milk in Tris-buffered saline containing 0.02 to 0.2% Tween, followed by incubation with the indicated antibodies for 1 h at room temperature. Following washing, membranes were incubated with HRP-conjugated anti-mouse IgG or anti-rabbit IgG secondary antibodies for 45 min at room temperature and visualized by enhanced chemiluminescence. For immunoprecipitation experiments, cell lysates (Triton lysis buffer) were normalized for protein content and incubated with indicated antibodies for 2 h at 4°C. Protein G-coupled agarose beads were then added and incubated for 1 h. For precipitation of GST-tagged proteins or His 6 -ubiquitinconjugated proteins, glutathione-Sepharose beads or nickel agarose beads were added and the samples were incubated at 4°C for 2 h. Agarose beads were recovered by centrifugation and washed in Triton buffer, and precipitated proteins were eluted by adding lithium dodecyl sulfate sample buffer and heating the mixture to 95°C for 5 min. Recovered proteins were then separated by electrophoresis, and immunoblot analysis was carried out as described above.
Amino-terminal protein sequencing. Cells were seeded in five 15-cm plates and transfected with 12 g each of pEBB AIF-TAP. After 2 days, cell lysates were subjected to TAP as described above, except that the final eluate was collected as a single fraction and was not precipitated with trichloroacetic acid. A portion of the eluate was analyzed by colloidal Coomassie blue staining as described above. The remaining sample was then submitted to the Proteomics Centre at the University of Victoria for further processing, including separation by SDS-PAGE, transfer to polyvinylidene difluoride (PVDF), and amino-terminal protein sequencing by Edman degradation.
Fluorescence microscopy/BiFC. Cells were seeded on polylysine-coated chambered coverglass slides and then transfected as follows: for plasmids encoding yellow fluorescent protein (YFP) fusion proteins, a total of 2 g of each plasmid was used per well; for BiFC plasmids, 1 g of each plasmid encoding a BiFC fusion protein (YN or YC, 2 g total DNA) was used per well. Twenty-four hours after transfection, medium was replaced with phenol red-free DMEM and cells were incubated for an additional 24 h. Cells were then stained with Hoechst 33342 and Mitotracker Red (Molecular Probes/Invitrogen) and examined using a Zeiss Axiovert 100 M confocal microscope equipped with a Zeiss LSM 510 spectrometer.
Caspase activity assay. Cells were seeded in six-well plates; transfected 24 h later with pEBB-GFP, pCDNA3-Bax, and other plasmids; and then incubated at 37°C for 16 h. Floating and attached cells were harvested, and caspase 3 assays were performed as described previously (60) .
Measurement of intracellular ROS levels. Cells were seeded in six-well plates and transfected by calcium phosphate. After 48 h cells were left untreated or treated with 10 g/ml antimycin A for 1 hour at 37°C. 
RESULTS
To identify factors that participate with XIAP in regulating caspase-independent processes, a biochemical screen for XIAP-associated proteins was performed using the TAP method (42) . This screen employed as bait the XIAP variant D148A/W310A, which fails to inhibit caspases 3, 7, and 9 (30), in fusion with a carboxy-terminal TAP tag, which was chosen in order to avoid masking potential interaction partners due to XIAP/caspase interactions. Coomassie blue staining of purification eluates showed a significant amount of bait material, as well as a number of additional bands of both higher and lower molecular weights (Fig. 1A , left panel). Purified material was precipitated by trichloroacetic acid and digested with trypsin, and potential XIAP-interacting proteins were identified by liquid chromatography-tandem mass spectrometry analysis of generated peptides. This approach identified a number of novel XIAP-associated proteins (see Table S1 in the supplemental material), including the mitochondrial flavoprotein AIF. The presence of AIF in eluted fractions was confirmed by immunoblot analysis, using Smac/DIABLO as a control (Fig.  1A , right panel). Given the roles that both XIAP and AIF play in regulating apoptotic and nonapoptotic processes, this interaction represents a potentially novel finding for cellular regulation and became the focus for further characterization. The ability of XIAP and AIF to coassociate was confirmed with endogenous proteins by immunoprecipitation analysis. AIF was precipitated from HEK 293 cells, and the presence of XIAP was assessed by immunoblot analysis. As shown in Fig.  1B , XIAP was readily detected in AIF immune complexes, confirming the association between endogenous XIAP and AIF.
The structural determinants within XIAP that are required for binding to AIF were next assessed. XIAP contains three amino-terminal BIR domains followed by a RING domain at the carboxy terminus. Plasmids encoding XIAP domains in fusion with GST were transfected into HEK 293 cells along with a plasmid encoding full-length human AIF with a FLAG tag at the carboxy terminus. Cellular lysates were then precipitated with glutathione beads, and the presence of AIF in As shown in Fig. 2A , XIAP BIR2 was found to be sufficient to precipitate AIF, indicating that this region is critical for AIF association. AIF undergoes amino-terminal processing to generate the mature form, originally reported to begin at residue 102 in the mouse protein (residue 103 in human) (51) . When examining the peptides recovered from the XIAP-TAP screen, we observed that one AIF-specific peptide spanned the region surrounding residue 103 (Fig. 2C) , raising the possibility that mature AIF begins at a position farther upstream than originally reported. To test this possibility, full-length human AIF in fusion with a carboxy-terminal TAP tag was expressed in HEK 293 cells. TAP-tagged AIF then was recovered from cell lysates by TAP, subjected to SDS-PAGE, transferred to a PVDF membrane, and visualized by Coomassie blue staining (Fig. 2B) . The band corresponding to AIF was excised, and Edman degradation was performed to determine the mature amino terminus. These results indicated that the mature terminus of human AIF begins at residue 55, rather than the residue originally reported (Fig. 2C ). This observation is in agreement with a recent study characterizing the processing of rat AIF expressed in HeLa cells (41) , which indicated that AIF exists in two forms within cells: a mature, nonapoptotic form truncated to position 54 (residue 55 in the human protein) and an apoptotic form truncated to position 102 (residue 103 in the human protein). Like AIF, the XIAP antagonist Smac/DIABLO undergoes proteolytic processing to generate a mature amino terminus, which contains a canonical IAP binding motif (IBM). IBMs have a strong preference for an alanine residue in the first position, and alteration of this alanine is often sufficient to prevent IAP binding (57) . Neither the healthy nor the apoptotic forms of AIF appear to contain a consensus IBM sequence, though this possibility could not be ruled out. Thus, to compare the abilities of both the healthy and mature forms of AIF to interact with XIAP, two different AIF encoding strategies were used. In the first approach, cDNAs encoding either the ⌬54 or the ⌬102 form of AIF were expressed following a single start codon (met-⌬54AIF and met-⌬102AIF, respectively [ Fig. 3A] ). However, this approach results in the incorporation of a methionine residue at the amino terminus of each protein that could potentially interfere with binding to XIAP. We therefore chose an alternative strategy in which each AIF variant was expressed in fusion with a ubiquitin polypeptide at the amino terminus (24) . Ubiquitin undergoes cotranslational processing, resulting in a proteolytic event at the extreme carboxy-terminal diglycine of ubiquitin. This event releases ubiquitin and leaves the amino terminus of AIF free of any additional residues. Therefore, we generated Ub-⌬54AIF and Ub-⌬102AIF fusion polypeptides, which undergo processing into the healthy and apoptotic AIF forms, respectively (Fig. 3A) .
The panel of AIF variants was then tested for interaction with XIAP. As shown in Fig. 3A , XIAP efficiently precipitated all forms of AIF except Ub-⌬102AIF. The ability of XIAP to bind both met-⌬54AIF and met-⌬102AIF confirms the lack of an IBM at the amino terminus of AIF and suggests that AIF binds XIAP through a non-IBM motif. When input material was immunoblotted for AIF, a pattern of laddering consistent with ubiquitination was observed for the full-length, Ub-⌬54AIF, and Ub-⌬102AIF variants and was noticeably absent for both the met-⌬54 and met-⌬102 forms. Since met-⌬102AIF protein bound XIAP efficiently, in contrast to the Ub-⌬102AIF form, which failed to bind but displayed the greatest extent of laddering, these data raised the possibility that AIF may be a target for ubiquitination, which may in turn regulate stability of the XIAP/AIF complex.
XIAP possesses E3 ubiquitin ligase activity, a property that is conferred by the RING domain at the carboxy terminus (62) . The data presented above suggested that AIF is ubiquitinated and may thus be a substrate for the E3 ligase activity of XIAP. To test this possibility, cells were transfected with plasmids encoding His-tagged ubiquitin and either full-length AIF, Ub-⌬54AIF, or Ub-⌬102AIF in the absence and presence of XIAP. Ni-NTA beads were then used to precipitate ubiquitinated proteins from cell lysates, and the presence of AIF in these complexes was determined by immunoblotting (Fig. 3B) .
All three AIF variants displayed significant basal ubiquitination in the absence of overexpressed XIAP, possibly due to either endogenous XIAP or alternative E3 ligases. Upon XIAP overexpression the amount of ubiquitinated material recovered for all three forms of AIF, including Ub-⌬102AIF, increased substantially above basal levels. These data suggest that both the healthy and apoptotic forms of AIF are targets for XIAP-mediated ubiquitination. Interestingly, AIF ubiquitination by XIAP did not result in degradation (as shown by AIF input levels), suggesting that this process does not target AIF to the proteasome and raising the possibility that ubiquitination of AIF by XIAP may instead alter the enzymatic or deathinducing properties of the molecule. Since XIAP must bind a substrate in order to induce its ubiquitination, the data presented above suggest that XIAP and Ub-⌬102AIF interact within cells, despite our inability to coprecipitate these two molecules (Fig. 3A) . To test this possibility, the BiFC approach (22) was used as an alternative means to investigate the interaction between XIAP and Ub-⌬102AIF. This method is based on the separation of YFP into amino (YN)-and carboxy (YC)-terminal domains, neither of which is fluorescent when the two are coexpressed in cells. When separately fused to two interacting molecules, these YFP domains may recombine, resulting in cellular fluorescence. Thus, this approach not only allows the detection of protein-protein interactions within a living cell but also identifies the subcellular compartment where the interaction occurs. Our laboratory and others have shown that XIAP resides predominantly in the cytoplasm (4). While native AIF in fusion with the complete YFP polypeptide displayed a clear, punctate, mitochondrial localization (Fig.  4A) , Ub-⌬102AIF-YFP exhibited a diffuse, cytoplasmic localization pattern (Fig. 4B) . When the BiFC combination of YN-XIAP and Ub-⌬102AIF-YC was examined by confocal microscopy, a strong fluorescent signal localized to the cytoplasm was observed (Fig. 4C) . Thus, by using the BiFC approach, which is highly sensitive to lower-affinity proteinprotein interactions, binding between XIAP and Ub-⌬102AIF was observed in living cells.
The data presented in Fig. 3 and 4 strongly suggest that XIAP binds and ubiquitinates both the healthy and apoptotic forms of AIF, though binding to the latter is transient, with complex stability decaying quickly as AIF becomes ubiquitinated. Thus, the XIAP variant H467A, which lacks E3 ubiquitin ligase activity, should be able to effectively precipitate 
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Ub-⌬102AIF. As shown in Fig. 5 , Ub-⌬102AIF was readily detectable in H467A-XIAP immune complexes, confirming that the lack of detectable Ub-⌬102AIF in WT-XIAP immunoprecipitates is most likely due to XIAP-mediated ubiquitination of Ub-⌬102 AIF, resulting in destabilization of the complex. Furthermore, the remaining forms of AIF appear to precipitate more efficiently with H467A-XIAP than with the WT protein (compare Fig. 5 with Fig. 3A ), suggesting that a lack of XIAP-mediated ubiquitination may stabilize these complexes as well. While the data presented thus far demonstrate that XIAP binds to and ubiquitinates multiple forms of AIF, due to the fact that these data were obtained under postlysis conditions (solubilizing both XIAP and AIF) and/or employed AIF variants that were cytoplasmically localized, a question arises regarding the physiological conditions in which XIAP and AIF interact. This is because in healthy cells XIAP resides predominantly in the cytoplasm, whereas AIF is found in the intermembrane space of the mitochondria; thus, these molecules are normally sequestered in different cellular compartments. To explore this question, a functional approach was employed in which the ubiquitination status of AIF was examined during apoptosis, a condition in which release of AIF from the mitochondria should allow association with XIAP. Bax overexpression in HEK 293 cells induces caspase-dependent cell death and was used as a convenient method of apoptosis induction. Cells were transfected with a plasmid encoding His-tagged ubiquitin along with control, full-length AIF, or full-length AIF and XIAP expression plasmids, in the absence or presence of a plasmid encoding Bax. Ni-NTA beads were then used to precipitate ubiquitinated proteins from cell lysates, and the presence of AIF in precipitated complexes was determined by immunoblot analysis. As shown in Fig. 6 , full-length AIF in healthy cells exhibited a moderate amount of ubiquitination in the absence of XIAP, and little to no change was observed following XIAP coexpression (compare lanes 3 and 5), consistent with the results in Fig. 3B . Importantly, the presence of XIAP induced a significantly greater amount of AIF ubiquitination under apoptotic conditions compared to cells lacking the XIAP plasmid (compare lanes 4 and 6), and the electrophoretic mobilities of the detected species were significantly different from the mobilities of those detected in the absence of Bax (compare lanes 5 and 6). These results demonstrate that under apoptotic conditions significant XIAP-mediated ubiquitination of AIF occurs and suggest that XIAP and AIF associate as the cell death cascade proceeds.
In light of the above observation, the effects of XIAP/AIF association on apoptosis were explored further. Our screen isolated AIF by using an XIAP variant incapable of inhibiting caspases, suggesting that the interface of XIAP to which AIF binds may differ from that employed by caspases. Since Smac/ DIABLO binds to XIAP in a competitive manner with respect to caspases, this raised the question of whether Smac/DIABLO could also block the XIAP/AIF interaction. XIAP was expressed along with either WT Smac/DIABLO or the Smac/ DIABLO mutant ⌬1A or A1G, and the ability of Smac/DIABLO to prevent XIAP/AIF association was evaluated by coprecipitation. As shown in Fig. 7 , the presence of WT Smac/DIABLO completely prevented the association between XIAP and AIF, whereas the IBM mutants, which fail to bind XIAP, also fail to prevent XIAP/AIF association. These data suggest that the XIAP associations with Smac/DIABLO and AIF are mutually exclusive.
XIAP is a well-characterized caspase inhibitor, a property that allows XIAP to protect cells from a variety of apoptotic stimuli (21). As described above for Fig. 6 , in HEK 293 cells 2) , full-length AIF-FLAG (lanes 3 and 4), or full-length AIF-FLAG and XIAP expression plasmids (lanes 5 and 6), in the absence (lanes 1, 3, and 5) and presence (lanes 2, 4, and 6) of a plasmid encoding Bax. Ubiquitinated material was then precipitated using Ni-NTA beads, and the presence of FLAG-tagged proteins (AIF) in precipitated complexes was detected by immunoblot analysis. Numbers at right are molecular masses in kilodaltons.
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Bax overexpression effectively induces caspase-dependent death; in this setting XIAP overexpression effectively prevents apoptosis, and this protection can be reversed by coexpression of Smac/DIABLO (60). To determine if AIF, like other XIAP binding proteins, can neutralize XIAP-mediated caspase inhibition, we examined the effects of AIF expression in this model system. As shown in Fig. 8 , Bax expression resulted in robust caspase activation, which was significantly reduced by expression of XIAP, as expected. When the three AIF variants (full length, Ub-⌬54, and Ub-⌬102) were expressed alone in the absence and presence of Bax, no noticeable differences were observed in the levels of caspase activity. Importantly, none of the AIF variants were capable of inducing caspase activation when expressed in the absence of cotransfected Bax, consistent with Fig. 4A and B, in which full-length AIF-YFP and Ub-⌬102AIF-YFP exhibited no toxicity. Finally, when coexpressed with XIAP none of the AIF variants were able to prevent XIAP-mediated caspase inhibition. Taken together, these data suggest that the interaction between XIAP and AIF does not alter the caspase-inhibitory properties of XIAP, indicating that AIF does not function as an IAP antagonist, and further raise the possibility that the interaction between XIAP and AIF serves to regulate caspase-independent functions of both proteins.
While the results of Fig. 6 confirm that an interaction occurs between XIAP and AIF following permeabilization of the outer mitochondrial membrane, they do not rule out the possibility that XIAP and AIF may coregulate within cells that are not undergoing apoptosis. The enzymatic and signal-transducing properties of AIF in healthy cells are presently ill defined, with the best-described property being in vitro NADH-oxidase activity (36) . Since AIF can affect the oxidative state of cells through this enzymatic function, the ability of AIF to regulate intracellular ROS levels was tested in the absence and presence of XIAP, both under basal conditions and following treatment with the ROS-generating agent antimycin A. HEK 293 cells were transfected with AIF or XIAP expression plasmids either individually or in combination prior to treatment with antimycin A. Cells were then stained with the general-purpose ROS indicator dye CM-H 2 DCF-DA, and cellular fluorescence was determined by flow cytometry (Fig. 9) . Whereas expression of full-length AIF resulted in a slight increase in both basal and antimycin A-stimulated ROS levels, both AIF truncation variants significantly reduced both basal and stimulated levels of ROS. Interestingly, XIAP was also capable of decreasing ROS, to an extent that exceeded that of all three AIF variants. Importantly, the coexpression of XIAP with each of the AIF variants resulted in a progressive decrease in observed ROS levels (both basal and stimulated), such that the combination of XIAP and AIF reduced ROS levels following antimycin A treatment to those observed in untreated control cells, suggesting that the combined effects of XIAP and AIF on ROS are to reduce overall cellular oxidative stress. This last observation also confirms that XIAP-mediated ubiquitination of AIF does not result in proteasomal degradation, since such an effect would have been expected to reverse the AIF-mediated decrease in ROS following coexpression of XIAP with AIF.
DISCUSSION
XIAP is a multifunctional protein that can regulate numerous intracellular signaling cascades. In order to identify factors that participate with XIAP in regulating both caspase-dependent and -independent pathways, we conducted a biochemical screen and identified AIF as an XIAP-associated protein. The physical association between AIF and XIAP requires the second BIR domain of the XIAP protein, a similar determinant The XIAP/AIF interaction is complex due to the existence of two distinct forms of AIF, as well as to the differing extents of ubiquitination observed for these AIF variants. We show here that the mature form of human AIF in healthy cells lacks the first 54 amino-terminal residues, which is consistent with a previous report describing both healthy and apoptotic forms of rat AIF (41) . XIAP binds both forms of AIF, and the extent of binding correlates with AIF ubiquitination status. Indeed, through the E3 ubiquitin ligase activity of its RING domain, XIAP induces the ubiquitination of AIF, and the ⌬102 form appears to be a better substrate than the ⌬54 form, explaining the failure of ⌬102AIF to coprecipitate with WT XIAP. Importantly, the reduced ability of ⌬102 to coprecipitate with XIAP is not a consequence of ubiquitination-induced AIF degradation, since AIF levels appear unaffected following ubiquitination by XIAP. Surprisingly, the XIAP variant H467A, which is devoid of E3 ubiquitin ligase activity, binds more robustly to all forms of AIF. We have previously reported that H467A XIAP is a dominant-negative protein with respect to E3 ligase activity (60); thus, the increased coprecipitation of AIF by H467A-XIAP may be due to a general reduction of AIF ubiquitination, resulting in increased affinity for XIAP.
Despite the ability of AIF to bind XIAP, this interaction does not result in an attenuation of the caspase-inhibitory properties of the XIAP protein. Indeed, not only does the coexpression of AIF fail to prevent XIAP from inhibiting Baxmediated caspase activation and cell death, but a slight improvement to XIAP-mediated protection was observed when AIF was coexpressed. Interestingly, none of the forms of AIF studied, including the presumptively prodeath ⌬102 form, were capable of inducing death when expressed alone. This observation is in contrast to previous reports describing the ability of AIF to kill cells with single-agent toxicity (51) and is consistent with more-recent studies suggesting that the death-promoting capacity of AIF is dependent upon prior caspase activation (1, 38) .
While AIF was originally discovered as an agent involved in completing the apoptotic cascade (51), a unifying model describing the role of AIF in cell death remains elusive. Indeed, accumulating evidence suggests that the role of AIF in cell death varies tremendously in both a tissue-specific and a stimulus-dependent manner. For example, in neuronal cells AIF plays a key role in the completion of both caspase-dependent and -independent death pathways (10, 11), particularly following ischemia/reperfusion injury or glutamate excitotoxicity (10, 64) . Conversely, not only does the loss of AIF in cardiomyocytes fail to prevent ischemia/reperfusion-induced death, but cells lacking AIF are more sensitive to this stimulus (56) . In peripheral T cells, AIF is required for the successful completion of activation-induced cell death, but the absence of AIF has no effect on DNA damage-induced apoptosis (49) . In light of these observations, our study defining the association between XIAP and AIF takes on new significance, as it suggests that these two molecules may coordinately regulate multiple forms of cell death in a tissue-specific manner.
Though in vitro studies have characterized the NADH-oxidase function of the protein, clear characterization of the enzymatic properties of AIF in a cellular context has not been reported. AIF loss-of-function studies, such as in mice with either natural reduction (28) or tissue-specific targeted deletion (9, 26) of AIF, suggest that AIF functions to preserve mitochondrial function. This may occur by AIF serving as a general-purpose antioxidant, through regulation of the activity and/or expression of complex I of the mitochondrial electron VOL. 28, 2008 XIAP BINDS AND UBIQUITINATES AIF 245 transport chain or through maintenance of mitochondrial structure by as-yet-unknown mechanisms. We report here that the expression of either ⌬54 or ⌬102 AIF results in a decrease in the levels of ROS, consistent with a role for AIF as an antioxidant. Interestingly, expression of XIAP also appears to reduce cellular ROS levels, and the simultaneous expression of AIF and XIAP has an additive effect. Whether this is due to the XIAP/AIF interaction or is through the independent function of each protein is unclear. But to our knowledge this is the first report linking XIAP to the regulation of intracellular ROS, suggesting an additional mechanism by which XIAP controls cellular signal transduction.
Since the original description of XIAP as a high-affinity caspase inhibitor, a number of additional properties of XIAP have been described. Indeed, in light of the observation that mice lacking XIAP display no overt defects in apoptosis, it could be argued that the predominant in vivo function of XIAP is to participate in signal transduction cascades distinct from those involving caspases. Our observations here that XIAP is capable of interacting with AIF, that this interaction does not affect caspase inhibition by XIAP, and that both AIF and XIAP can additively reduce intracellular ROS levels support this point of view. As with XIAP, the apparent biological properties of AIF are complex. While originally described as a prodeath molecule capable of both caspase-dependent and -independent apoptotic functions, more-recent evidence points to a prosurvival activity for AIF, predominantly by preserving mitochondrial function and integrity. Experiments reported here show that enforced expression of AIF is not cytotoxic and may be protective since a general decrease in basal ROS levels was observed. The mechanism(s) by which AIF and XIAP regulate cellular oxidative stress, both separately and in combination, remains to be elucidated. However, a role for both proteins in this process highlights their multifaceted roles in controlling intracellular signaling.
We show that XIAP binds to and induces the ubiquitination of both the healthy and apoptotic forms of AIF. The possible consequences of this interaction require more complete definition, but since XIAP-mediated ubiquitination does not result in AIF degradation, they include alteration of AIF enzymatic activity, attenuation of the apoptotic effects of AIF, or alterations in as-yet-undefined properties of the AIF protein. Given the high level of attention cast towards regulators of the cell death cascade for the purposes of therapeutic intervention in human diseases, the data presented here raise the level of importance of understanding the total functions of both XIAP and AIF, as well as the significance of their interaction in vivo.
